Groundwater pollution is difficult to detect and consequently, in the event of a groundwater pollution episode, it is difficult to assign responsibilities. Identifying the polluter with the strength of proof required to legally fix the responsibility is the task of an environmental forensic expert. In the case of groundwater pollution, use of groundwater transport models are at times, the only option for identifying the polluter. A dumpsite, covered up subsequently, can be an example. In this study, the groundwater transport model MT3DMS, along with genetic algorithm was used to develop a tool to track down the polluter in a case where no information on the location or characteristics of the pollution source is available. The developed tool, when used in hypothetical situations, gave results that fell within the limits of legal acceptability.
Introduction
Water, being indispensable for the existence of life, needs protection from pollution; and groundwater reserves, a more bountiful and reliable source of fresh water than the surface water reserves, demand special considerations. But various factors, including the complex nature of groundwater flow and occurrence and the 'out of sight, out of mind' mentality of decision makers, had for long, resulted in a situation where groundwater protection received a much lower priority than surface water protection. Effective groundwater management is possible through a judicious use of technical tools, institutional instruments and management actions [1] . Technical tools are needed for resource assessment, quality evaluation, aquifer monitoring, etc. Water legislations, awareness and education, stakeholder participation, legal instruments, economic instruments etc. along with proper management actions for pollution control and resource allocation can ensure proper management of groundwater resources. Further, preventive management approaches are likely to be cost effective than the reactive ones.
The legal instruments for groundwater resource management may target excessive abstraction of groundwater and/or its pollution. Many countries, in response to specific challenges, have come up with legislations to regulate the use of groundwater [2, 3, 4, 5] . Pollution of groundwater was historically dealt with civil laws. Tort concepts involving negligence, nuisance and strict liability have been resorted to by injured plaintiffs, in Common law and Civil law countries alike, to seek compensation for the damages suffered as a result of groundwater contamination [6] . The common law principle of 'Polluter pays' or legislations which has its base in the principle were also invoked in many instances of groundwater pollution (US v. Hercules (5) 647)). While it is true that in such legal redress mechanisms the remedy is available only after the pollution has occurred, its role as a deterrent cannot be overemphasized. But there are technical and legal challenges in the use of these instruments for preventing pollution of groundwater. Major challenge is the complex nature of the groundwater flow and contaminant transport. There is potentially a large time lag between the onset of a polluting process and its impact on a groundwater source [7] . This makes it difficult to legally establish the responsibility of pollution. Sound forensic techniques for comprehensive source characterization, meeting the legal evidentiary requirements, are thus important if it is required to make a polluter pay for the damages he has caused.
Identifying when a contaminant release occurred, its origin and extent are pivotal in fixing liabilities in environmental forensic litigations. Contaminant transport models are at times the only basis to provide this information [8] . Though the models may not give the exact information always, often the model results are the starting points of further investigations. Further, the use of models will be economic when compared to sophisticated analytical techniques. This study proposes a new environmental forensic tool that uses contaminant transport models for source identification and characterization, when pollution is detected in groundwater. The problem addressed in the study is a case where no information is available on the possible location of the pollutant source.
Methodology
In identifying the contaminant source location and time release history, one needs to solve the governing pollutant transport equation backwards in time. The major challenge to the recovery of a plume's history from measurements of its current spatial distribution stems from the ill-posed nature of the procedure [9] . Atmadja and Bagtzoglou [10] have broadly classified the methods to backtrack the pollution source location into four categories; (a) methods employing probabilistic techniques such as geostatistics to deduce the probability of the location of the sources (b) methods based on either analytical solutions or nonlinear regression approaches (c) methods using deterministic direct methods to solve the governing equations backward in time to reconstruct the release history of the contaminant plumes and (d) methods that run forward simulations and check the solutions with the measured/current spatial data observed.
The method of forward simulation coupled with optimization is adopted for development of the forensic tool. The approach is similar to the one followed by Singh and Datta [11] where a numerical transport simulation model is externally linked with an optimization model. This approach makes it possible to solve the source-identification problems for complex aquifer study areas with multiple unknown pollution sources. Thus, the limitation of the developed tool regarding its ability to handle complex field conditions will stem not from the methodology adopted for its development, but from the transport model used in the tool. Also, this approach will help up-gradation of the tool as and when a more acceptable transport model becomes available, with relative ease. As the set of viable solutions for problem of source tracking is infinite, a genetic algorithm is used for optimization.
While using scientific techniques for court cases, it is important to ensure that they meet the requirements of the legal system where it is used. In determining whether to admit scientific evidence from procedures that are not universally accepted, a court must ask whether the test is reliable. A technique's reliability depends on a number of factors. The courts have come up with many checks to avoid junk science from court rooms. The Daubert test is the current standard of acceptability of scientific evidence in many of the common law jurisdictions [12] . The important components of the tool developed are a groundwater pollutant transport model and an optimization algorithm. In addition, a groundwater flow model is required to generate the required groundwater flow information for the transport model. The flow model used is MODFLOW 2005 [13] and the transport model used is MT3DMS [14] . Genetic algorithm is used as the optimization algorithm. The Daubert guidelines were the guiding principle in selecting the numerical models used in the development of the tool.
The backbone of the methodology developed is MT3DMS, a widely used groundwater transport model. MT3DMS is modular in structure and the packages included are Basic Transport (BTN), Flow Model Interface (FMI), Advection (ADV), Dispersion (DSP), Sink& Source Mixing (SSM), Chemical Reaction (RCT), Generalized Conjugate Gradient Solver (GCG) and Utility (UTL). The pollutant source location and source characteristics are input to the model through SSM package. Thus, successively editing this input file until the new source characteristics results in the most closely matching observed concentrations at monitoring wells, is the procedure adopted in the tool development.
The stepwise detailed methodology adopted for the development of the tool is explained below.
i. Generate input files for MODFLOW: Input files for MODFLOW can be generated using any available software.
In the current research, USGS ModelMuse [15] was used to generate the input files, both for MODFLOW and for MT3DMS. ModelMuse is easy to use and available for free download. The observation well locations need to be specified at this stage.
ii. Run MODFLOW and generate flow transport link (ftl) file for MT3DMS:
The accuracy of transport predictions largely depend on the accuracy with which the groundwater flow conditions are represented in the transport model. The flow model has to be properly calibrated before the 'ftl' file generated by it is adopted for use in MT3DMS iii. Make copies of SSM input files: There are some mandatory and some optional input files to the MT3DMS model.
The 'ssm' (source sink mixing) file is the only input file that will change for various source characteristics in the considered modelling case. Hence copies of ssm files equal to the population in one generation of the genetic algorithm are created by randomly changing the variable records of the file. iv. Create the first generation of input file sets: Input file sets are made with only the 'ssm' file different in each set v. Run MT3DMS: Run MT3DMS on each set of input files. This will provide the concentration of pollutants in different wells at different points of time vi. Calculate fitness of each input set: Calculate the fitness of each input set from the values of observed and measured concentrations vii. New generation of input sets are generated through the genetic processes of selection, crossover and mutation viii. Repeat steps 5-7 until the termination criteria is reached
Fitness Function
The fitness function used in the Genetic Algorithm is, (1) Where, N T -number of stress periods N d -number of sampling locations C k (t) -Modelled pollutant concentration at location k and stress period t Ĉ k (t)-Observed pollutant concentration at location k and stress period t -average of observed pollutant concentrations
Application of the methodology
The tool is applied to a few test cases in a hypothetic aquifer shown in Fig. 1 to check its performance. The aquifer properties are shown in table 1. Referring to Fig. 1 , a hypothetical conservative pollutant was introduced at location S, with loading rate as shown in Fig. 2 . This resulted in pollutant concentrations at the three observation wells, O1, O2 and O3 as shown in Fig. 3 . The predictions were done using MT3DMS. The observed concentrations at three wells were given as input to the tool developed after introducing some errors. Now, if the tool works properly, it should give the pollutant loading given in Fig. 2 as output.
The tool was run assuming 0%, 7%, 10% and 12% errors. In all the cases except when the error was 12%, the source location was predicted correctly. It can be seen that the source profile generated by the tool matched with the actual profile, in general. 
Conclusion
The testing of the tool in a hypothetic case has shown that the tool can give results that are reliable enough to fix the responsibility of pollution on the polluter. Assuming a usual error of 2% on the observations collected from the field, even an 8% error in the model predictions will accurately determine who the polluter is. Parameters to the transport model MT3DMS, the one used in the tool to predict concentrations, has to be properly determined so that the model gives results with minimum error. The role of flow model is, perhaps, the most important. The predictions by the transport model are principally dependent on the flow information fed to the transport model by the flow model.
